Introduction nus alleles. The 3Ј overhanging ends of the damaged allele are then extended using the intron-plus DNA as Group I introns are often interrupted by open reading a template. Finally, resolution of the recombination juncframes (ORFs). In many cases these ORFs encode sitetion results in two intron-plus copies of DNA. One imporspecific DNA endonucleases that are required for the tant prediction from this model (which has been supinitiation of a process known as intron homing (Dujon, ported by experimental data) is that there will be 1989). This phenomenon was originally observed as the coconversion of markers flanking the intron, the freunidirectional inheritance of the mitochondrial allele quency of which will be inversely proportional to the during mating of Saccharomyces cerevisiae. It was subdistance of the markers from the cleavage site. For a sequently discovered that the allele is an optional review of homing endonucleases and DSB repair, see intron in the mitochondrial large subunit ribosomal RNA Lambowitz and Belfort (1993) . gene and that its unidirectional inheritance is the result We describe here two group I intron-encoded endoof a conversion event dependent upon the ORF encoded nucleases, in Bacillus subtilis bacteriophages SPO1 and within it. Many group I introns have since been found to SP82, with properties distinct from the homing endonu-"home," that is, to be copied into their cognate intronless cleases described above. SPO1 and SP82 are virulent (intron-minus) alleles, and this homing is dependent phages that belong to a closely related family, all of upon the expression of the endonuclease encoded by which have the modified base 5-hydroxymethyluracil that intron (reviewed by Mueller et al., 1993; Lambowitz (HMU) completely replacing thymine in their DNAs and and .
are therefore referred to as HMU phage (reviewed by Group I introns of a broad range of genomes, including Stewart, 1993) . bacteriophage, fungal, and algal organelles and protist SPO1 and SP82 each harbor a group I intron in their nuclei, harbor ORFs that encode endonucleases, alrespective DNA polymerase genes (Goodrich-Blair et though not all have been shown to function in homing Scarlato and Gargano, 1992 ; Goodrich-Blair (reviewed by Lambowitz and Belfort, 1993 ). An endonuand Shub, 1994) . Group I introns share a common set clease is also encoded by, and confers mobility upon, of base-paired structural elements, P1-P9, that fold to a nongroup I intron in the 23S ribosomal RNA gene of form the active ribozyme (Michel and Westhof, 1990) . an archaeon (Dalgaard et al., 1993) . Furthermore, ORFs
When ORFs are present, they often occur in the terminal encoding related proteins were recently discovered diloops of the base-paired stems. The SPO1 and SP82 rectly interrupting protein-coding genes (where they are introns are almost identical in the 340 nt comprising the group I structural elements, and both have an ORF inserted into the loop of structural element P8. Interest-not share a high degree of identity with one another and appear to have diverged at a faster rate than the surrounding intron or exon sequences: the deduced amino acids encoded by the ORFs are only 43.6% identical .
Here we present evidence that the SPO1 and SP82 intron ORFs encode endonucleases, I-HmuI and I-HmuII, with distinct cleavage site specificities and several novel characteristics that distinguish them from homing endonucleases. Rather than introducing a DSB specifically on intron-minus DNA, the HMU intron endonucleases cut only one strand of DNA and can cleave intron-plus in addition to intron-minus DNA. Moreover, they have a surprising specificity for the DNA of the heterologous phage.
Finally, we show that I-HmuII (SP82) is responsible for a decrease in the inheritance of SPO1 DNA in the progeny of mixed infections with SP82. The magnitude of exclusion decreases as distance from the I-HmuII cleavage site increases, consistent with a conversion event initiated at this site and radiating from it. The SP82 Figure 1 . Intron ORF Proteins Bind DNA intron-encoded endonuclease therefore appears to have evolved the ability to propagate itself and flanking (A) End-labeled fragments of intron-minus target DNA (SP82⌬I, lanes 1-6, or SPO1⌬I, lanes 7-12) were incubated with proteins synthemarkers into the genome of a closely related intronsized in S30 extracts without added template DNA (lanes 1, 2, 7, containing phage. and 8), with SPO1 intron ORF DNA (lanes 3, 4, 9, and 10), or with SP82 intron ORF DNA (lanes 5, 6, 11, and 12). Immediately after the Results addition of protein extracts to target DNAs (0 min), a sample was removed and quenched. The remainder of the reaction was incuInitial attempts to study the HMU phage introns revealed bated for 30 min at 30ЊC. Products were separated on a nondenaturing 5% SDS-polyacrylamide gel.
that the SPO1 intron ORF was easily cloned on multicopy (B) SP82 intron ORF-directed S30 extracts (plus) or extracts reacted plasmid vectors, whereas the SP82 intron ORF was not without added DNA (minus) were incubated for 30 min with 50 ng (H. G.-B. and D. A. S., unpublished data), suggesting of SPO1 intron-minus DNA end labeled at the 3Ј ends. Samples that divergence between the two sequences may have were separated as in (A). We added 1 g of nonradiolabeled intronresulted in distinct activities. Many of the intron-enminus (⌬I) or intron-plus (I) plasmid DNA to reactions in lanes 3 and coded endonucleases are resistant to cloning, presum-4, respectively. Samples in lanes 5 and 6 were extracted with phenol prior to electrophoresis. ably because they are active on host DNA. We therefore considered the possibility that the SP82 intron ORF encodes an endonuclease that is lethal to Escherichia coli of the reactions were analyzed on nondenaturing SDSand that the SPO1 intron ORF encodes an endonuclease polyacrylamide gels ( Figure 1A ). However, rather than with a different, less toxic activity.
detecting two smaller products indicative of a DSB, we found target DNA with lower gel mobility, suggesting Hmu Phage Intron ORF Protein Products that a DNA-protein complex had been formed. SurprisBind Target DNA ingly, the most prominent gel shift was observed when Lacking cloned DNA that could be used to express the SP82 ORF-directed protein was incubated with the het-SP82 ORF in vivo, we used a cell-free extract to syntheerologous SPO1 target DNA ( Figure 1A , lanes 11 and size intron ORF protein that could be tested for putative 12), and much weaker shifts were seen with homologous nuclease activity. To obtain DNA templates for cell-free SP82 DNA (lane 6). In addition, the faint band suggesting protein synthesis, we used the polymerase chain reacan association between the SPO1 protein and heterolotion (PCR), incorporating a phage T7 late promoter upgous SP82 target DNA ( Figure 1A , lane 4) was much stream of the ORFs. Transcription with T7 RNA polymerweaker with homologous SPO1 DNA (lane 10). ase and subsequent protein synthesis was carried out
To characterize these DNA-protein complexes furin E. coli S30 extracts.
ther, we focused on the strong interaction between the Since the target for homing endonucleases is the cog-SP82 intron ORF-directed protein product and SPO1 nate intron-minus allele, SPO1 and SP82 intron-minus intron-minus DNA ( Figure 1B ). This interaction can be fragments of 304 bp were used as substrates in endonureduced by the addition of nonradioactive intron-minus clease assays. (Although unmodified DNA was used in SPO1 DNA (compare lanes 3 and 2 in Figure 1A ) and, all in vitro experiments [ Figures 1-4 ], conclusions were to a lesser extent, by intron-plus SPO1 DNA (compare confirmed in vivo in experiments using fully HMU-modilanes 4 and 2). In view of the high concentration of other fied phage DNA [ Figure 5 ].) We incubated 3Ј end-labeled nonradioactive DNAs in the reaction, this suggests that substrates with the product of in vitro transcription and the interaction is specific but does not depend upon the translation of either the SPO1 or SP82 intron ORF. Homabsence of the intron. After phenol extraction the shift ing endonucleases typically introduce a doublestranded cut on intron-minus targets, so the products disappears ( Figure 1A , lanes 5 and 6). Target DNAs (predicted size, 304 bp) were differentially end labeled, (B) SPO1. Protein extracts were isolated from E. coli cells harboring as indicated by the closed circles in the schematic representations either the vector pAII17 (lanes 1 and 2) or pHETO1 (lanes 3 and 4).
above each lane. After incubation with endonuclease at 30ЊC for 15 Expression of protein from the plasmids was either uninduced (lanes min, the products were separated on a 5% polyacrylamide-8 M urea 1 and 3) or induced (lanes 2 and 4) by the addition of 0.4 mM IPTG.
gel. Sequencing ladders used as size markers for cleavage products We incubated 5Ј end-labeled SP82 intron-minus target DNA with were generated by extension (toward the intron ORF) of an endthe protein extracts for 30 min. SP82 intron-minus target DNA is labeled oligonucleotide hybridizing to the top strand of target DNA represented schematically as in (A). Stars represent the labeled within exon II (data not shown). 5Ј ends.
(A) SPO1 intron-minus target DNA incubated with the SP82 intron endonuclease (I-HmuII).
Hmu Phage Intron ORFs Encode
(B) SP82 intron-minus target DNA incubated with the SPO1 intron
Nicking Endonucleases
endonuclease (I-HmuI).
Cleavage of only one strand would not have been detected on a nondenaturing gel. Therefore, after incubation we analyzed the DNA on a denaturing gel to detect from the 5Ј end) is either distant, or on the opposite single-stranded cuts (Figure 2A ). Indeed, after incubastrand, from the cleavage site of the SP82 nuclease on tion with the protein product of the SP82 intron ORF, its target (see schematic diagram in Figure 2B ). Achalf of the end-labeled SPO1 intron-minus DNA had cording to convention (Dujon et al., 1989) , the intronbeen cleaved. This is consistent with an endonuclease encoded endonucleases have been named I-HmuI activity specific for one strand of SPO1 intron-minus (SPO1) and I-HmuII (SP82). DNA, approximately 175 nt from its 3Ј end. The possible cleavage positions are indicated schematically in Fig- The Intron Endonucleases Cut Only ure 2A.
Template Strands of Target DNA The activity of the SPO1 intron ORF protein product
To determine the strand and site of cleavage of I-HmuI synthesized in E. coli S30 extracts was insufficient for and I-HmuII, we differentially labeled each of the four reliable characterization of its putative endonuclease ends of the 304 bp target DNAs and incubated the laactivity. However, we succeeded in cloning both the beled molecules with the endonucleases. The products SPO1 and SP82 intron ORFs into the expression vector of digestion were separated on denaturing SDSpAII17 (Perler et al., 1992) under control of a T7-lac polyacrylamide gels ( Figure 3 ). promoter, creating the plasmids pHET-O1 and pHETWhen I-HmuII was incubated with differentially end-82, respectively. labeled intron-minus DNA ( Figure 3A ), only those target Extracts were obtained from E. coli harboring pHETDNAs labeled on the template (bottom) strand yielded O1, or the parent vector pAII17, with or without induction visible cleavage products (lanes 1 and 4), 189 nt for the with isopropyl-␤-D-thiogalactopyranoside (IPTG). Each 3Ј end-labeled template strand and 119 nt for the 5Ј extract was incubated with SP82 intron-minus target end-labeled template strand. This indicates that the DNA and labeled at its 5Ј ends, and the products were cleavage site is approximately 52 nt downstream of the separated on a denaturing SDS-polyacrylamide gel (Fig- IIS (see Figure 2A ). I-HmuI also yielded labeled cleavage ure 2B). As expected, induced pHET-O1 extract also products only when the target DNA was labeled on the cleaves half of the target DNA, indicating that the SPO1 template strand ( Figure 3B , lanes 2 and 3). In this case, intron ORF probably also encodes a nicking endonuclease. However, its cleavage site (approximately 165 nt the sizes of the products (141 nt for 3Ј end labeled and 168 nt for 5Ј end labeled) place the cleavage site much closer to the IIS, approximately 4 nt downstream (see Figure 2B ).
The Intron Endonucleases Prefer Heterologous Phage DNA Sequences Regardless of the Presence of the Intron
The fact that SPO1 intron-plus DNA competes for binding of I-HmuII (see Figure 1B , lane 4) suggests that it also might be a substrate for cleavage. Furthermore, experiments not presented here indicate that, although heterologous DNA is the preferred substrate, the endonucleases are also able to cleave homologous target DNA. To clarify which DNAs can act as substrates, we prepared restriction fragments from intron-plus DNA spanning the 3Ј splice junctions. Intron-plus and intronminus DNAs were end labeled ( Figure 4A ) and incubated separately with each endonuclease ( Figure 4B , lanes 1-8). All substrates were cleaved by both endonucleases, although the SPO1 intron-plus DNA was only weakly cleaved by the SPO1 enzyme ( Figure 4B , lane 3). In addition, data not presented here show that the SPO1 intron-plus DNA is not efficiently cleaved by I-HmuI except when incubated at temperatures above 42ЊC. SPO1 intron-plus DNA is therefore not a preferred substrate for I-HmuI. In addition to the expected cleavage product, another labeled species was evident in this reaction ( Figure 4B , lane 3, second largest fragment) and when SP82 intron-plus DNA was incubated with I-HmuI (lane 4, smallest fragment). These could be secondary I-HmuI cleavage sites present only in intron-plus DNA, or they could be the expected cleavage products with mobility altered by partial renaturation (H. G.-B. and D. A. S., unpublished data).
To determine whether the endonucleases exhibit a preference for one of the substrates when all four are present, the DNAs were mixed for incubation with each endonuclease ( Figure 4B , lanes 9-13). The substrates were differentially labeled so that each cleavage product could be distinguished from the others by size (schematically represented in Figure 4A ). The mixed substrates were incubated with either I-HmuI ( Figure 4B , lane 10), The in vitro assays presented thus far do not necessarily reflect the activity of these endonucleases in vivo. The natural target DNAs contain HMU rather than thymine for these cleavages. The higher levels of run-off products in k4oc versus wild-type infections of Sup ϩ cells and are in the conformational context of a chromosome rather than a small linear fragment. In addition, host-or was not expected, but was reproducibly observed for both phages. This curious result could be explained if phage-encoded cofactors may affect the activity of the endonucleases in vivo. Therefore, primer extension the endonucleases were multifunctional and low levels of the endonuclease were sufficient for cleavage, while analysis was performed on HMU DNA isolated from phage-infected cells. A radiolabeled primer was anhigher levels were required for subsequent repair; the Bombyx R2 retroelement, for example, encodes a single nealed to the template strand of phage DNA within the intron ORF and extended to the cut site. Run-off prodpolypeptide with reverse transcriptase as well as sequence-and strand-specific nickase activity (Luan et ucts were compared with a sequencing ladder generated from the same primer, allowing precise mapping al., 1993). In addition to the cleavages assigned to the intron-encoded endonucleases, other run-off products of the cleavage sites.
To facilitate analyses of endonuclease function in vivo, were often apparent in these experiments. These were variable in their occurrence and could be products of the fourth codons of the cloned intron ORFs were changed from lysine to ochre (UAA) nonsense codons secondary cleavages, exonucleolytic degradation, or by site-directed mutagenesis. This mutation (k4oc) was DNA damage during isolation. transferred to phage (by homologous recombination Precise mapping of the cleavage sites places the with the plasmid during infection) to create SPO1k4oc SPO1 endonuclease (I-HmuI) site 4 nt downstream of and SP82k4oc. When these mutant phage infect wildthe 3Ј splice site and the SP82 endonuclease (I-HmuII) type B. subtilis, the endonucleases should not be excleavage 52 nt downstream. A schematic diagram of pressed, while infection of the lysine-inserting ochre the cleavage positions and the differences between the suppressor (Sup ϩ ) strain CB313 (sup3) (Mulbry et al., SPO1 and SP82 target sequences is shown in Figure 6 . 1989) should restore expression. Both k4oc phages form plaques equally well on Sup ϩ and Sup Ϫ bacteria, indicatMixed Infection Cleavage Analysis ing that the endonucleases are not required for phage
To determine whether the in vitro preference for heterolpropagation.
ogous substrate DNA is also observed in vivo, we rePrimer extension was performed on HMU DNA isopeated the cleavage site analysis on DNA isolated from lated from both wild-type and k4oc phage infections of a mixed infection. Oligonucleotides that anneal to diverSup Ϫ and Sup ϩ hosts ( Figures 5A and 5B ). Both I-HmuI gent sequences within the intron ORFs were used to and I-HmuII cleave homologous HMU DNA in vivo. As distinguish between the two DNA templates (Figures 5C expected, the run-off products disappear when the muand 5D). Indeed, there is a clear excess of heterologous tant phage infect a Sup Ϫ strain and reappear when they over homologous cleavage in vivo. This is most clearly infect an isogenic lysine-inserting Sup ϩ strain. This confirms that the intron ORF endonucleases are responsible shown in Figure 5C , where primers extended on SPO1 DNA must pass the I-HmuI site before terminating at Stewart and Franck (1981) reported that the SPO1 sus mutations used in their study were complemented by the I-HmuII cleavage. The extensions also confirm that, for each enzyme, the cleavage site is the same on both SP82, so it is unlikely that the results seen in Figure 7 were caused by selectively blocking SPO1 DNA syntheheterologous and homologous DNA. sis in Sup Ϫ bacteria. Nevertheless, we also investigated exclusion of a nonessential sequence (within the intron I-HmuII Is Required for the Exclusion of ORF). SP82k4oc and wild-type SPO1 were mixedly in-SPO1 Markers During Mixed Infection fected on Sup ϩ or Sup Ϫ bacteria. Individual plaques It is difficult to reconcile the substrate specificity of the from a Sup ϩ lawn were transferred to nitrocellulose fil-SP82 intron endonuclease (I-HmuII) with an exclusive ters and probed with an oligonucleotide that is specific role in intron homing. The distance of its cleavage site for a divergent SP82 sequence within the intron ORF. from the IIS is much greater than those of characterized
The proportion of progeny not hybridizing to this probe homing endonucleases, it does not distinguish between (i.e., those with SPO1-specific sequence) are presented the presence or absence of the intron, and it prefers the in Table 1 . The SPO1-specific sequence (which is very DNA of a heterologous phage over its own. These results close to the cleavage site) is completely excluded in the are provocative, however, in view of previous studies Sup ϩ host. Even in the Sup Ϫ strain, only 20% of the showing partial exclusion of SPO1 alleles from genes progeny have the SPO1 sequence. This partial exclusion 29-32 in mixed infections with SP82 (Stewart and may be the result of leaky suppression of the ochre Franck, 1981) . Exclusion declines with increasing dismutation and suggests that even a low level of endonutance from this region, and markers near the ends of clease expression can lead to some exclusion. These the 145 kb phage DNA are inherited randomly. Interestresults confirm that exclusion of SPO1-specific seingly, the region of exclusion includes gene 31 (DNA quences is mediated by I-HmuII. polymerase), which contains the intron, the intron ORF, and the target site for cleavage (Goodrich-Blair et al.,
I-HmuI Is Not Required for 1990).
Marker Exclusion Considering its substrate specificity, we hypothesized
The role of the SPO1 intron endonuclease (I-HmuI) in that I-HmuII might be responsible for this exclusion.
exclusion is unclear, as sus31-1 expresses this enzyme Preferential cleavage of SPO1 DNA in exon II of gene during mixed infections regardless of the bacterial host.
might initiate recombination and subsequent gene
To determine what function I-HmuI might have in proconversion emanating from the cut site. This would efmoting or preventing exclusion of its own (SPO1) DNA, fectively transfer the SP82 intron and its ORF, as well we mixed SPO1k4oc with SP82 in Sup Ϫ and Sup ϩ hosts as flanking SP82 markers, into SPO1 phage genomes.
( Table 1) . Progeny were screened with oligonucleotides To determine whether the SP82 intron endonuclease that hybridize either to an SP82-specific sequence or (I-HmuII) plays a role in this phenomenon, we measured to the k4oc mutation within the intron ORFs, as deinheritance of a nonsense mutation in SPO1 gene 31 in scribed in the paragraph above. Figure 7 and (for the wild-type phage coinfections) are approximately the same as those reported by Stewart and Franck (1981) . In contrast, SP82k4oc phage does 
cells (i.e., regardless of whether I-HmuI is expressed),
cleave only intron-minus alleles of their cognate genes. Remarkably, the presence of the intron does not disrupt SPO1k4oc intron ORF DNA is excluded from the progeny. The effect of I-HmuI on the exclusion process, if the recognition site required for cleavage by the enzymes described here: intron-plus DNAs are substrates any, is too subtle to be detected by this assay.
To confirm that the k4oc mutation does not have a for these endonucleases both in vitro and in vivo. Instead, I-HmuI and I-HmuII are able to distinguish becis effect on phage viability when in competition with wild-type endonuclease, SPO1k4oc was coinfected with tween SPO1 and SP82 DNAs, and each has a surprising preference for the heterologous phage DNA. wild-type SPO1, and the percentage of k4oc progeny was determined by hybridization analysis. Half of the Clearly, the recognition sites for these enzymes must comprise sequences that differ, at least in part, between progeny carried the k4oc marker, demonstrating that exclusion requires coinfection with SP82. the two phages. In fact, I-HmuII cleaves adjacent to a 4 bp polymorphism between SPO1 and SP82 (Figure 6 ), the longest polymorphism in the 242 bp of DNA polymerDiscussion ase exon sequence that has been determined for both phages . In contrast, Beyond Homing: A Class of I-HmuI cleaves 4 bp from the IIS, in a region with few Intron-Encoded Endonucleases differences between the SPO1 and SP82 exons. It is We have described two endonucleases, I-HmuI and possible that the recognition site for I-HmuI includes I-HmuII, that are encoded by introns within the DNA intron sequences. In this context, it is interesting to note polymerase genes of the related HMU bacteriophages that all nine of the differences in the structural portions SPO1 and SP82, respectively. Although the structural of the two introns are clustered at their 3Ј ends (Goodportions of these introns are almost identical (nine differrich-Blair and . ences in 340 residues; Goodrich-Blair and , the ORFs within them have diverged to the extent that they have distinct cleavage site specificities.
Endonuclease Wars: I-HmuII Mediates SPO1 Marker Exclusion in Mixed Infections These intron-encoded endonucleases have several interesting characteristics that distinguish them from
The fact that the SP82 intron-encoded endonuclease (I-HmuII) is insensitive to the presence of the intron, and the homing endonucleases that are frequently found in group I introns. Homing endonucleases make staggered is instead able to distinguish between related phage exon sequences, argues against its only function being double-stranded cuts, generally immediately adjacent to the IIS (reviewed by Mueller et al., 1993) . The only initiation of intron homing. Indeed, we have demonstrated here that it is required for the exclusion of SPO1 exceptions are the three endonucleases encoded in introns of the T-even family of bacteriophages that cleave DNA from the progeny of mixed infections. By analogy to gene conversion accompanying DSB repair (see Figas much as 23-25 bp from the IIS. Although some intron endonucleases show a preference for cleavage of one ure 8), cleavage of SPO1 DNA may result in replacement of sequences surrounding the cut site by SP82 seof the DNA strands (Marshall and Lemieux, 1992; Perrin et al., 1993; Bryk et al., 1995; Turmel et al., 1995) , all quences in a recombination and repair process. Indeed, consistent with this hypothesis, our data indicate that cleave their substrates on both strands. In contrast, I-HmuI and I-HmuII are strand specific, introducing a exclusion radiates from the cut site. SPO1 sequences within the intron ORF (approximately 600 bp upstream nick on the template strand of target DNA. While the SPO1 intron-encoded endonuclease (I-HmuI) resemof the cut site) are absent from 100% of the progeny screened by oligonucleotide hybridization (Table 1) . bles typical homing endonucleases in that its cleavage site is only 4 bp downstream of the IIS, the SP82 intronHowever, sus31-1, a mutation that is further upstream of the cut site (within exon I of gene 31, the DNA polymerencoded endonuclease cleavage site is distant, 52 bp downstream of the IIS. ase gene) is less completely excluded (Figure 7) . This explains the curious results of Stewart and A hallmark of homing endonucleases is their ability to a Equal numbers of each phage were combined and added to either CB312 (Sup Ϫ ) or CB313 (Sup ϩ ) hosts for infection. Progeny plaques were replicated onto gridded lawns and transferred to nitrocellulose filters. b Labeled oligonucleotide probes specific for the k4oc mutation (K40) or an SP82-specific sequence in the intron ORF (11) were used to distinguish between the progeny of the mixed infections. c The percentage of the SPO1 allele in each mixed infection is indicated, except for the last, in which the percentage of the wild-type allele is indicated.
other HMU phage relative that differs more extensively in its sequence near the IIS.
From Parasite to Symbiont: The Evolution of Intron-Encoded Endonuclease Activities
Based on conserved amino acid sequence motifs, there are three large, apparently unrelated families of homing endonucleases (Lambowitz and Belfort, 1993; Gorbalenya, 1994; Shub et al., 1994) . Homologs of these gene families have been found as free-standing (i.e., not intron-encoded) endonucleases in nuclear, organellar, bacterial, and phage genomes (Russell et al., 1986 ; Na- serve as substrates. This could only persist if intron loss were a fairly probable event in a species. But what would happen if an intron and its endonuclease ORF came to Franck (1981) , who determined that SPO1 amber mutaoccupy all available homing sites? We assume that, in tions (including sus31-1) in the closely linked genes compact genomes such as bacteria or phage, the ORF 29-32 were present in only about 20% of the progeny would either be lost by deletion or evolve toward another of mixed infections with SP82. However, exclusion deselective function. The latter situation may have occlined with increasing distance from this region, and curred in the HMU phages. All four HMU phage DNA markers from both phages were present with equal frepolymerase genes examined in a recent study had inquencies near the DNA termini. It is clear from our data trons inserted at the same location (Goodrich-Blair and that cleavage by I-HmuII is an essential (probably initiatShub, 1994) . In contrast to the very highly conserved ing) step in this local marker exclusion process.
sequences of the structural portions of these introns, The mechanism by which this phenomenon occurs their ORFs (which may have originally functioned as has not been addressed in this study. It is, therefore, homing endonucleases) have diverged and evolved unclear whether the nick introduced on SPO1 phage specificities for the sequences of closely related phages. DNA by I-HmuII is sufficient to initiate exclusion or This provides a mechanism for selective propagation of whether further modification of the DNA occurs. We the ORF, its host intron, and surrounding genes of the have shown that the same single-stranded nicks that viral host. were introduced in vitro on unmodified (cloned) DNA According to this scenario, I-HmuII, the SP82 ORF, is also occur on HMU-substituted DNA during phage infecthe most highly evolved; its cleavage site is distant from tions in vivo. However, although we have not detected the intron and highly polymorphic in SPO1, a close relait, we cannot exclude the possibility that cleavage on tive. Starting as a purely selfish DNA element, the intron the other strand in vivo creates a DSB that is used for ORF now provides an advantage for SP82 alleles in recombination and repair. Regardless of the detailed competition with SPO1. Although able to cleave intronmechanism, we assume that, as with analogous events plus DNA, the SPO1 ORF cleaves close to the IIS and promoted by other group I intron endonucleases (Figure is more active on intron-minus substrates, consistent 8), exclusion of SPO1 markers by SP82 I-HmuII is a with its original homing specificity. consequence of gene conversion events arising from recombination during repair of the DNA damage.
Exclusion of SPO1 markers by I-HmuII can be exAre Other Exclusion Phenomena Mediated by Sequence-Specific Endonucleases? plained by the preference of the enzyme for SPO1 DNA and its higher activity than I-HmuI in vivo. However, Bacteriophage T4 is the most extensively studied member of a large family of similar phages called T-even. In we cannot explain why I-HmuI is apparently unable to exclude SP82 markers in mixed infections, even in the spite of the fact that the genomes of T-even phages are largely colinear, and almost all of their genes are absence of functional I-HmuII. Perhaps the nicks created by the less active I-HmuI are unable to initiate mutually complementary, phage T4 excludes genetic markers of most of the other phages from the progeny recombination events before they are religated. The preferred recognition site for I-HmuI may reside in some of mixed infections. In the case of phage T2, exclusion of endonuclease from pHET-O1. This same strain transduced with by T4 is not uniform over the genome, but is exerted the pcnB mutation (Lopilato et al., 1986) have a selective value (Shub et al., 1987; Shub, 1991) . We suggest that sequence-specific endonucleases, ex-
Plaque Hybridizations
emplified by I-HmuII, represent selfish DNA elements
Plaque hybridizations were performed as described by Sayre and that have been coopted by virulent phages: propagation Geiduschek (1988) . Subsequently, two 15 min washes in 6ϫ SSC of the nuclease gene necessarily bestows a selective at 25ЊC were followed by one 3 min wash in 1ϫ SSC at a stringent advantage on flanking phage genes in competition with temperature, 39ЊC for K4O and 32ЊC for the SP82-specific oligonuclose relatives.
cleotide 11.
Experimental Procedures Protein Expression
Templates for in vitro synthesis were obtained by PCR amplification Plasmids of the intron ORFs from phage DNA using primers 14 and 2. Primer pHES-O1 and pHES-82 contain PCR-generated (using primers 1 14 incorporates a T7 promoter fused to a phage sequence upstream and 2) fragments of SPO1 and SP82 DNA, respectively, inserted of the ORFs. Protein was synthesized by the addition of these teminto pBS(ϩ) (Stratagene). The inserts include 135 bp of exon I, 882
plates to S30 extracts (Amersham or Promega) in which the E. coli bp (SPO1) or 819 bp (SP82) of intron, and 149 bp of exon II se-RNA polymerase had been inactivated with 0.01 mg/ml rifampin and quences. pHES-82 harbors a 96 bp deletion within the intron ORF to which 1.5 U of T7 RNA polymerase had been added to direct corresponding to positions 446-541 (Goodrich-Blair and Shub, transcription from the T7 promoters. 1994).
In vivo extracts were obtained by growing a single colony of Intron-minus clones pHGO1⌬I and pHA82⌬I were created by pre-BL21(DE3) pLysE (with pcnB for pHET-82) harboring either pHETcisely deleting the intron sequences of pHES-O1 and pHES-82 by O1 or pHET-82 in 10 ml of YT (1.0% Bacto-tryptone [Difco], 0.5% oligonucleotide-directed mutagenesis using oligonucleotide ⌬I, NaCl, and 0.5% Bacto-yeast extract [Difco] ) with 10 g/ml chloramleaving 284 bp of exon DNA. Protein expression clones pHET-O1 phenicol and 50 g/ml ampicillin at 37ЊC overnight. Cultures were and pHET-82 were created by PCR amplifying intron ORF DNA of diluted into 250 ml of fresh medium containing 25 g/ml chloram-SPO1 or SP82, respectively, using primers 17 and 18, followed by phenicol and 200 g/ml ampicillin and grown to an OD 500 of 0.6. digestion with NdeI and ligation into pAII17 (Perler et al., 1992) .
Cells were then induced with 0.4 mM IPTG, and E. coli RNA polymerpBK4O-O1 and pBK4O-82 carry intron ORF sequences of SPO1 and ase was inactivated with the addition of 200 g/ml rifampin. The SP82, respectively, in the shuttle vector pMS1 (Sayre and Gei- induction was allowed to proceed for 3 hr before preparation of duschek, 1988). The fourth codon was mutated from lysine to an extracts by the gentle enzymatic lysis method of Cull and McHenry ochre nonsense codon, using oligonucleotide K4O. Transformation (1990) . The extract was centrifuged at 23,000 ϫ g for 1 hr at 4ЊC. The in B. subtilis was carried out according to Hardy (1985) . pellet was washed with deionized H 2O, resuspended in deionized 6 M urea and 1 mM DTT, and then dialyzed against three changes of Bacterial and Phage Strains 25 mM K 2HPO4, 25 mM KH2PO4, 50 mM NaCl, 10 mM Tris-HCl (pH B. subtilis 168 was used for propagation of phages SP82 and SPO1 8.0), and 1 mM DTT. The resulting solution was used directly in in NY broth (Goodrich-Blair et al., 1990) . The SPO1 nonsense mutant endonuclease assays. sus31-1 (Curran and Stewart, 1985) was propagated on strain CB314. sus31-1 and B. subtilis strains CB312 (Sup Ϫ ), CB313 (sup3), and CB314 (sup1) (Glassberg et al., 1977) were donated by C. StewEndonuclease Assays For 5Ј end-or 3Ј end-labeling, the intron-minus clones pHGO1⌬I art. sup3 is a lysine-inserting ochre suppressor (Mulbry et al., 1989) .
To construct the phage mutants SPO1k4oc and SP82k4oc, B. and pHA82⌬I were digested with EcoRI and HindIII to yield 304 bp fragments. Intron-plus clones pHES-O1 and pHES-82 were digested subtilis CB313 cells harboring the plasmids pBK4O-O1 or pBK4O-82 were grown at 37ЊC in modified M9 medium (Goodrich-Blair et with XbaI and HindIII to yield 440 bp and 499 bp fragments, respectively. Intron-minus DNA was differentially end labeled by linearizing al., 1990) with 5 g/ml chloramphenicol or 10 g/ml kanamycin to approximately 2 ϫ 10 8 cells per milliliter. The cells were then infected pHGO1⌬I or pHA82⌬I with either EcoRI or HindIII; end labeling was performed by either filling in or kinasing to label the 3Ј or 5Ј end, with SPO1 or SP82 at a multiplicity of infection (moi) of approximately 1. After 15 min, they were diluted 50-fold into fresh medium respectively, and digesting with the second enzyme. We incubated 10 4 to 10 5 cpm of end-labeled target DNA in 10 mM MgCl2, 50 mM lacking antibiotic and incubated for 45 min at 37ЊC. Lysates were plated on B. subtilis CB313 in a minimal top agarose overlay (0.75% Tris-HCl (pH 8.0), 100 mM NaCl, and 1 l of in vitro or in vivo protein extract at 30ЊC. In Figure 1A , the S30 extracts were diluted 10-fold, electrophoresis grade agarose [GIBCO BRL], 1.5 mM MgSO 4, 0.7% Na 2 HPO 4 , 0.3% KH 2 PO 4 , 0.05% NaCl, and 0.1% NH 4 Cl). Progeny and 1 g of pNC83 (a pBR322 derivative containing an insert of phage T4 DNA) was added as a nonspecific inhibitor of nuclease phage that had acquired the mutation by recombination with the plasmid were identified by plaque hybridization with 32 P end-labeled activity. The reactions in Figures 1B, 2A , and 3A were incubated with full-strength S30 extracts with 2 g of poly(dI-dC) and 1 g of oligonucleotide K4O. The presence of the mutation was confirmed by dideoxy termination sequencing of fragments asymmetrically pNC83. The reactions in Figures 2B, 3B , and 4 were performed with extracts from expression vectors and 2 g of poly(dI-dC). Reactions amplified from mutant phage DNA.
E. coli BL21(DE3) pLysE (Studier, 1991) was used for expression were stopped with 15 mM EDTA.
